Abstract: Fundus autofluorescence (FAF) imaging is a well-established method in ophthalmology; however, the fluorophores involved need more clarification. The FAF lifetimes of 20 post mortem porcine eyes were measured in two spectral channels using fluorescence lifetime imaging ophthalmoscopy (FLIO) and compared with clinical data from 44 healthy young subjects. The FAF intensity ratio of the short and the long wavelength emission (spectral ratio) was determined. Ex vivo porcine fundus fluorescence emission is generally less intense than that seen in human eyes. The porcine retina showed significantly (p<0.05) longer lifetimes than the retinal pigment epithelium (RPE): 584 ± 128 ps vs. 121 ± 55 ps 498-560 nm, 240 ± 42 ps vs. 125 ± 20 ps at 560-720 nm. Furthermore, the lifetimes of the porcine RPE were significantly shorter (121 ± 55 ps and 125 ± 20 ps) than those measured from human fundus in vivo (162 ± 14 ps and 179 ± 13 ps, respectively). The fluorescence emission of porcine retina was shifted towards a shorter wavelength compared to that of RPE and human FAF. This data shows the considerable contribution of fluorophores in the neural retina to total FAF intensity in porcine eyes. 6-15 (2010). 11. M. B. Parodi, P. Iacono, C. Del Turco, and F. Bandello, "Near-infrared fundus autofluorescence in subclinical best vitelliform macular dystrophy," Am. J. Ophthalmol. 158(6), 1247-1252.e2 (2014). 12. T. Ueda-Consolvo, A. Miyakoshi, H. Ozaki, S. Houki, and A. Hayashi, "Near-infrared fundus autofluorescencevisualized melanin in the choroidal abnormalities of neurofibromatosis type 1," Clin. Ophthalmol. 6, 1191-1194 (2012). 13. R. Spaide, "Autofluorescence from the outer retina and subretinal space: hypothesis and review," Retina 28(1), 5-35 (2008). 14. W. Becker, "Fluorescence lifetime imaging--techniques and applications," J. Microsc. 247(2), 119-136 (2012). 15. D. Schweitzer, M. Hammer, F. Schweitzer, R. Anders, T. Doebbecke, S. Schenke, E. R. Gaillard, and E. R.
Introduction
In recent years, fundus autofluorescence (FAF) intensity imaging has been established as diagnostic technique in clinical ophthalmology. Generally, fluorescence excited at wavelengths in the visible spectral range is assumed to be emitted by lipofuscin [1] . Lipofuscin is a mixture of various metabolic byproducts, predominantly all-trans retinal derived compounds as well as lipid peroxidation products, accumulated in the lysosomes of the retinal pigment epithelium (RPE) [2] . This accumulation is age-dependent and might be involved in the pathogenesis of age-related macular degeneration (AMD) [3] . Thus, FAF is widely used to characterize the progression of AMD and other retinal dystrophies [4] [5] [6] [7] .
However, the application of autofluorescence in ophthalmology goes beyond simply monitoring lipofuscin. Spectrally resolved autofluorescence measurements in human donor eyes provides evidence for the spectral, and thus chemical, diversity of naturally occurring fluorophores in the human retina, healthy or affected with AMD [8] . This study as well as the spectrometric and autofluorescence lifetime investigation in AMD donor eyes by our group reveal differences between the lipofuscin contents in drusen versus RPE [9] . Furthermore, infrared-induced autofluorescence has been used to highlight the melanin in the RPE and might contribute to clinical diagnostics in various retinal diseases [10] [11] [12] . Spaide investigated autofluorescent compounds in the outer retina and the sub-retinal space with a fundus camera equipped with a specific filter set to all-trans-retinal-derived compounds, such as the pyridinium bis-retinoid A2E, its precursor products A2-PE and A2-PE-H2, and alltrans retinal dimers. These subretinal accumulations are a result of lacking phagocytosis by the RPE. The hereby investigated retinal diseases showed alterations that cannot solely be explained by lipofuscin fluorescence [13] . Thus, an investigation of non-lipofuscin compounds that contribute to FAF is of eminent diagnostic interest.
Fluorescence lifetime imaging ophthalmoscopy (FLIO) is a technique that measures the decay of fluorescence over time. It is used to characterize fluorophores, as well as their interaction with each other or the embedding matrix [14] . We introduced the technique of fluorescence lifetime imaging to the eye by using laser scanning ophthalmoscopy (SLO) [15] [16] [17] . FLIO shows an age-dependency for fluorescence lifetimes which is suggested to be a change in the lipofuscin composition with aging [18] . Furthermore, we found that the macular pigment contributed to FAF [19, 20] . In diabetic retinopathy, a prolongation in fluorescence lifetimes was found, pointing to the autofluorescence contribution of glycated proteins, which are known to be fluorescent [21] [22] [23] . FLIO already detects changes in retinal diseases at early stages [24] [25] [26] [27] [28] . Besides lipofuscin, melanin, collagen, elastin, FAD, and eventually NAD(P)H way contribute to FAF. We reported the fluorescence characteristics as well as the abundance of these compounds elsewhere [9, 17] . In order to rightfully classify such changes, investigating non-lipofuscin compounds with FLIO will lead to a better understanding of the method. Furthermore, information about fluorescence components from within the neural retina is highly relevant as many retinal diseases go along with neuronal changes.
This study investigates the contribution of non-lipofuscin fluorophores to FAF intensity and lifetimes in porcine eyes. These were used because their fundus is similar to that of primates. Pigs do not have a tapetum and the retina resembles that of humans and is well populated with cones. Although they lack a fovea, pigs have a macula-like area free of retinal vessels at the posterior pole [29] . As those eyes were obtained from pigs, slaughtered at an age of about 6 months, they are expected to contain minor amounts of lipofuscin only and, thus, are suitable to study other fluorophores.
Methods

Porcine eye preparation and investigation
Eyes of six month old pigs were obtained from a local slaughterhouse, transported, and investigated within eight hours post mortem. Although 20 eyes were used in these experiments, some measurements were excluded for technical reasons (see below). Eyes were transported and stored in Dulbeco's modified Eagle's medium (Gibco, Grand Island, NY) at 6 °C until use. As described below, they were investigated in front of the FLIO device and also with optical coherence tomography (OCT; Cirrus, Zeiss Meditec, Jena, Germany) in the high definition mode. Subsequently, they were dissected in the following way: An incision was made 3 mm posterior to the pars plana and a circumferential cut was performed. The anterior part of the eye was removed and the vitreous was carefully peeled off. A triangular segment was cut out from the eye cup. The retina was removed from half of the specimen in order to allow simultaneous measurements of both retina and RPE fluorescence. The tissue was placed in the focal plane of a model eye with a 20 mm focal length and positioned in front of the FLIO for the measurement.In the same way, the fluorescence decay of the lens was recorded by focusing the FLIO scanner onto the anterior part of the intact eye. Additionally, the retina of 15 eyes was carefully dissected from the RPE and placed in an air-tight sealed silica glass cuvette (Hellma Optics, Jena, Germany, path length: 0.2mm) under balanced salt solution. Fluorescence lifetimes and spectral ration were measured as described above.
Fluorescence lifetime imaging
Fluorescence lifetimes were recorded using a Spectralis-based FLIO prototype device (Heidelberg Engineering GmbH, Heidelberg, Germany). The technique is described in detail elsewhere [15, 18, 19, 30] . Briefly, the fundus was scanned with a 256 x 256 pixel raster in a 30° field at a frame rate of 9 Hz. Fluorescence was excited by a pulsed diode laser at 473 nm (repetition rate 80 MHz). Fluorescence photons were counted into one of 1024 time channels according to their time delays from the excitation pulse (time-correlated single photon counting, TCSPC, Becker and Hickl GmbH, Berlin, Germany [31] ). The minimal signal threshold was 1000 photons for each pixel. Fluorescence photons were recorded in two spectral channels, at short-wavelength (SSC, 498-560 nm) and long-wavelength (LSC, 560-720 nm) channels. These two channels are implemented in the device to account for different emission maxima of different fluorphores and enable a rough spectral characteristic of FAF (see below). FLIO allows for a time resolution of about 30 ps [19] .
FLIO does not measure the absolute fluorescence intensities. However, because single fluorescence photons are counted, the time needed to record a fix number of photons gives a rough estimate of the fluorescence strength. Because the rapid opacification of lens and cornea result in a decrease in fluorescence, only measurements within the first 2 h postmortem were included in a semi-quantitative comparison of the fluorescence intensities. Fluorescence lifetimes, which are independent from fluorescence intensity, were measured between one and eight hours post mortem. Furthermore, the ratio of the fluorescence intensity (i.e. number of fluorescence photons in the SSC versus that in the LSC -spectral ratio) was determined in order to estimate the spectral differences in the fluorescence emissions of the tissues. To compensate for the different sensitivities of the detectors, we performed a calibration using sodium fluorescein, which has a well-known emission spectrum upon excitation at 470 nm.
Two-photon microscopy
In order to check for lipofuscin granules, one porcine and one human donor eye RPE sample were fixated in 4% paraformaldehyde and examined by two-photon microscopy. A LSM 710 (Carl Zeiss, Jena, Germany), equipped with a titanium-saphire femptosecond laser (Chameleon Ultra, Coherent Inc., Santa Clara, CA) and a 40x water immersion objective (NA = 1.0) was used. The laser wavelength was set to 760 nm and the same fluorescence lifetime detection technique as in the FLIO was used.
Data processing and analysis
Fluorescence decays were approximated with a three-exponential model, fitted to the decay measured in each pixel, using the software SPCImage (Becker and Hickl GmbH). The threeexponential model was chosen to be consistent with the analysis of clinical FLIO data and results in three decay times, three weighting factors for these time constants as well as the amplitude-weighted mean autofluorescence lifetime τ m . For the sake of the signal-to-noise ratio, a sliding average of 5 × 5 pixels was used for the fits. The software package FLIMX [32] , which is documented and freely available for download online under the open source BSD-license (http://www.flimx.de), was used to average τ m over the regions of interest (ROI): the retina (excluding vessels) and the RPE. Separate calculations were performed for the two spectral channels. Because the autofluorescence lifetimes were relatively homogenous across the porcine fundus, retina, and RPE (except for optic disk and vessels), rectangular ROI with a minimal size of 544 square pixels were analyzed. The spectral ratio was determined in the same way. The means of the τ m and spectral ratios were compared for different tissues (retina and RPE), defined by the ROIs, and measuring conditions (intact eye or preparation of the fundus) by ANOVA with post-hoc test using least significant differences (LSD, p<0.05 was considered to be a significant difference) after the normal distribution of the data was confirmed by a Kolmogorow-Smirnow test. Furthermore, these data were analyzed with respect to their dependence on the post-mortem time by a correlation analysis. All of the statistical tests were conducted using SPSS (SPSS statistics 21, IBM Corp, Armonk, NY).
Human eyes
In order to compare our measurements from porcine samples with FAF lifetimes of human eyes in vivo, data from an earlier study was used with permission of the respective subjects [19] . Mean FAF lifetimes (τ m ) as well as spectral ratios at an eccentricity from 3mm to 5mm from the fovea were investigated from FLIO measurements of 44 healthy young subjects (mean age 24.1 ± 3.6 years).
Results
Porcine eyes
The retinal structure of the porcine eye is, except for the foveal pit, very similar to that of humans. To confirm that, OCT scans of the enucleated porcine eyes were performed. Figure 1 shows central (A) and peripheral (B) OCT scans approximately 1 h post mortem, as well as a peripheral (C) scan 7 h post mortem. Retinal scans as well as three-dimensional images of the scanned area further illustrate the mentioned similarities. Additionally, the different retinal layers, described by Gloesmann et al. [33] , were marked in the peripheral scan 1 h post mortem. Although retinal structures are known to degenerate quickly, all of the layers appeared to be well-preserved 7 h post mortem on OCT scans. 
Porcine fundus fluorescence
The fluorescence characteristics in porcine eyes are presented in Fig. 2 . Here, IR reflection, autofluorescence intensity, mean autofluorescence lifetime and spectral ratios are compared. The figure shows measurements from the fundus of the intact eye (1), the retina and RPE from the eye cup (2) , and the lens (3). Because the specimen was curved, only the central part was in focus and provided a sufficient fluorescence signal, as shown in panels 2. Furthermore, two hyper-fluorescent spots with long lifetimes (indicated by the blue pseudo-color in panels 2C and 2D) show up, which are preparation artifacts with damages in the RPE, Bruch's membrane, and choroid. (1), retina and RPE of the eye cup (2) in focal plane of a model eye (i.e., without influences of anterior ocular media), and (3) lens. For the color-coding of the images, always refer to the nearest scale bar in the row. In the eye cup, the retina was removed in the left half. Thus, in panels 2, the right hand side shows the fluorescence of the retina, whereas at the left side shows that of the RPE.
The fluorescence from the ex vivo porcine fundus is generally less intense than that seen in human eyes. Although FLIO is not quantitative with respect to the fluorescence intensity, the strength of the fluorescence can be estimated from the time needed to record 1000 fluorescence photons per pixel. Whereas this took 2-3 minutes for the human retina in the fovea, it needed 3-4 minutes for the porcine retina (intact eye). Furthermore, the fluorescence of the exposed RPE in the eye cup is even weaker. It took 8-10 minutes to reach the signal threshold in the exposed RPE part of the image. Because of an insufficient number of photons in the scans we had to exclude some measurements from further analysis (two measurements from the non-dissected fundus, one from the dissected retina and three from the dissected RPE of the porcine eyes).
The FAF lifetimes of the ex vivo porcine eyes were longer than that of the human cohort in vivo. The retina showed much higher fluorescence intensity (SSC: 7.7 ± 7.5 times, LSC: 3.4 ± 3.7 times) and longer lifetimes than the RPE in porcine eye cups. Data are shown in Table 1 , and boxplots of the mean fluorescence lifetimes are presented graphically in Fig. 3 . Also the isolated retina, measured in a sealed cuvette, showed considerable fluorescence. As it took about three minutes to collect 1000 photons, the fluorescence intensity was similar to that in the intact eye. Fluorescence lifetimes and spectral ratio are reported in Table 1 . In the SSC, the FAF lifetimes of porcine retina shifted to even longer means after the dissection of the eye. Only the autofluorescence lifetimes of the porcine RPE were shorter than that of the human in vivo FAF. The mean autofluorescence lifetimes were significantly different between the porcine fundus (intact eye), retina, and RPE (both dissected eye cup), and the human fundus in both spectral channels (p < 0.05 in ANOVA with LDS post hoc test), except for the difference between the porcine fundus of the intact eye and intact retina in the eye cup in the LSC.
We checked for changes in the autofluorescence over time post mortem. Although there seemed to be a slight decrease in fluorescence over time, no significant change in the lifetimes or spectral ratio over 8 h post mortem was found.
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Fluorescence and possible fluorophores from within the neural retina in porcine and human eyes
While human FAF is attributed to all-trans-retinal (ATR)-derived compounds such as A2E and its precursor and oxidation products, ATR itself, which is highly concentrated in the retina, is basically non-fluorescent [39] . In this study the authors describe the accumulation of ATR derivatives formed in the process of interaction with amino groups of rhodopsin and with lipids by the incubation of rod outer segments membranes with a 10-fold excess of ATR over three days. In our study, we don't assume that ATR derivatives play a major role as both our experimental conditions as well as the FAF lifetimes that we found were different.
Also photoreceptors themselves cannot be excluded to impact the retinal autofluorescence. Hunter et al. demonstrated two-photon fluorescence in the macaque retina in vivo and ex vivo [40] . The photoreceptor fluorescence was found to be stronger after bleaching of the visual pigments. The kinetics of fluorescence changes after the onset of the two-photon imaging as well as after a visible light bleaching stimulus indicate the observation of the reduction of ATR to retinol and its subsequent clearance [41] . Retinol is known to be fluorescent only if excited at wavelengths below 400 nm [42] . As in our experiments, however, light of a wavelength far above 400 nm was used, we don't expect to see retinol fluorescence. Porcine eyes are known to possess a visual streak which is a region of high density of retinal ganglion cells [43] . In our data, we looked carefully on altered fluorescence lifetimes as a sign for a greater metabolic activity in this region, but didn't find any differences.
Ben Ami and colleagues found different fluorophore species using hyperspectral imaging in the RPE and Bruch's membrane of human donor eyes, which they attributed to different lipofuscin and melano-lipofuscin compounds [8] . However, because we only saw very weak RPE fluorescence in our porcine specimens, we do not think that these compounds contribute much to the fluorescence intensity seen here. We further exclude subretinal drusenoid deposits [44] as a source of fluorescence because we did not see any drusen in OCT.
Retinal fluorescence in the intact porcine eye was shifted towards shorter wavelengths as compared to human FAF. However, the SSC fluorescence changed in contrast to the LSC when we opened the globe and exposed the retina to oxygen. That hints that flavin adenine dinucleotide (FAD) might be a major retinal fluorophore. This ubiquitous co-enzyme of cellular energy metabolism was described with an autofluorescence lifetime of 2300 ps, which is quenched to 100 ps if it is bound to protein [17, 45] . Thus, the retinal lifetimes measured in the eye cup may indicate a mixture of both forms and a shift toward the free form in the case of an excess of oxygen. Accordingly, we found much shorter lifetimes in the isolated retina measured in air-sealed cuvettes. This is in agreement with findings from the two-photon excited measurement of the fluorescence spectra and lifetimes for single retinal layers [38] . The fluorescence spectra, measured in that paper upon excitation at 760 nm, clearly indicate the fluorescence of FAD and, predominantly, nicotinamide adenine dinucleotide (NADH). In contrast to that study, at 473 nm we predominantly excite FAD and little, if any, NADH.
The longer lifetimes in the SSC were consistent with the findings in mice in vivo using the same FLIO technique by Dysli et al. [46] . The shortening of the lifetimes with age in this study might indicate an increase in the contribution of lipofuscin. However, that study also gave no conclusive statement on the origin of the long lifetimes in young mice. Taken together the results from our study, supported by the findings of Dysli et al., indicate that there must be at least one more fluorophore that we have not yet discovered.
Lens autofluorescence
As is known from an investigation involving phakic and pseudophakic patients, the lens has an influence on the lifetimes measured from the human fundus [47] . Although the confocal optics of the Spectralis scanner greatly suppresses light (reflection, backscattering, and fluorescence) from the lens, the human lens fluorescence is not completely blocked by the confocality. The porcine lens fluorescence seems to be weaker than that of the human lens. Thus, its influence on the FAF lifetimes might be minor, which is supported by the missing correlation between the lens and τm of the fundus.
The major sources of fluorescence in the crystallin lens are assumed to be tryptophan and advanced glycation end products (AGE) [22] . AGE accumulation [48] and less efficient fluorescence quenching [49] may contribute to changes in the fluorescence properties of a lens over its lifespan. As lens fluorescence is known to increase with age and cataract (unpublished data), the young age of the pigs used in this study may be the reason for the lower lens fluorescence and shorter FAF lifetimes compared to humans. This is in agreement with a change in the ratio of tryptophan and non-tryptophan fluorescence values in porcine lenses with age [50] . Additionally, fluorescence from the cornea [51] might contribute to the lens measurement. As, however, the cornea is out of the confocal plane, this influence is considered to be rather small.
Limitations
Although the retina of the domestic pig shows a very similar structure to that of a human (Fig.  1) , it has no macula [52] . Additionally, the nerve fiber layer appears to be thicker in porcine eyes, and Mueller cells were found to reach only to the nerve fiber layer [53, 54] . Nevertheless, domestic pigs are similar to humans as they are able to view colors and their retinae are not only compromised of rods, but also a large number of M-and S-cones [54] . This makes porcine eyes an eligible model for comparison to human eyes.
Secondly, the porcine eyes were investigated post mortem, whereas human eyes were investigated in vivo. Although post mortem times were short, the porcine eyes do not entirely show physiological conditions comparable to human eyes. It has to be noted that we don't know about the impact of death on fluorescence characteristics. The fluorophores might have changed in their composition and conformation, as compared to in vivo situations. However, as neither the fluorescence lifetimes nor the spectral ratio was found to change over time, we believe that changes might be minor. The reduction of the fluorescence intensity over the post mortem time was attributed to light loss by scattering because of anterior media opacification. Generally, it has to be noted that lens and cornea have a wavelength-dependent absorption and scattering which suppress short-wave fluorescence light from the fundus. This might have reduced the spectral ratio in the intact eye, however it should not have influenced the fluorescence lifetimes which are independent from the fluorescence intensities.
Furthermore, we assumed to only investigate the fluorescence of the retina and RPE, because we did not see long fluorescence lifetimes from the collagen and elastin in the sclera and Bruch's membrane. We also assumed Melanin fluorescence from the choroid to be greatly shielded by the RPE. However, we cannot completely rule out fluorescence contributions from these tissues. Although we did not see lipofuscin fluorescence in the porcine eyes, it cannot completely be excluded, that there is a minor lipofuscin fluorescence which si shielded by that of melanin granules located apically in the RPE.
Finally, we did not extract, purify, and identify the fluorophores because this was beyond the scope of the current investigation. Therefore, we can only make assumptions about the origin of the additional fluorophores which we detect.
Conclusion
We were able to show that non-lipofuscin fluorophores contributed to FAF when excited at 473 nm. Such fluorophores could be melanin or the co-enzymes of cellular energy metabolism, as for example FAD. Overall, our data suggests the presence of non-lipofuscin fluorophores, which possibly have to be taken into account in the interpretation of clinical FAF lifetimes of human eyes in vivo as well. The ex vivo porcine eye is a simple model to approach investigations on FAF lifetimes. 
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